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A Higgs-like boson has been discovered - is 
it the Standard Model prediction?

Outline & Motivations

=> measure couplings, spin, mass, rates

=> forward - backward jets key 

 => we seek to improve the Higgs analyses of 
ATLAS and CMS by including more signal 

events using Fox - Wolfram Moments
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The ATLAS Detector

Detectors of the LHC
ATLAS detector CMS detector

inner detector
extends to 1.2 m, tracks charged particles using
magnetic field, aims to identify location of vertex

innermost layers

outermost layers

solenoidal magnet
electromagnetic calorimeter
absorbs energy of EM particles with
lead, samples path of particles with 
liquid argon
hadronic calorimeter
absorbs energy of strongly interacting  
particles with stainless steel
lsamples path of particles with 
liquid argon, scintillators to track path
muon spectrometer
magnets curve the muons 
path

the tracker
extends to 1.1 m, tracks charged particles using
9.6 million silicon strips

electromagnetic calorimeter
absorbs energy of EM particles with
lead tungstate crystals

hadronic calorimeter
absorbs energy of strongly interacting  
particles with intersperse layers of 
brass/steel and plastic scintillators

solenoidal magnet
muon detector
magnets curve the muons 
path
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A Toroidal Lhc ApparatuS
innermost layer

outermost layer

inner detector
extends to 1.2m, tracks charged particles 
using magnetic field, aims to identify 
location of vertex

solenoidal magnet

electromagnetic calorimeter
absorbs energy of EM particles with 
lead, samples path of particles with liquid 
argon

hadronic calorimeter
absorbs energy of strongly interacting
particles with stainless steel. samples path 
of particles with liquid Ar, scintillators to 
track path

muon spectrometer
magnets curve the muons path

trigger system
selects 100 interesting events per second 
of 100 million events per second
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The CMS Detector
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the tracker
extends to 1.1 m, tracks charged particles using
9.6 million silicon strips

electromagnetic calorimeter
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lead tungstate crystals

hadronic calorimeter
absorbs energy of strongly interacting  
particles with intersperse layers of 
brass/steel and plastic scintillators
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“Compact Muon Solenoid”
the tracker
extends to 1.1m, tracks charged 
particles using
9.6 million silicon strips

electromagnetic calorimeter
absorbs energy of EM particles with 
lead tungstate crystals

hadronic calorimeter
absorbs energy of strongly interacting
particles with interspersed layers of 
brass/steel and plastic scintillators

muon spectrometer
magnets curve the muons path

trigger system
select 100 interesting events per 
second from about 100 million events
per second

innermost layer

outermost layer
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parton showering

hadronization

hard scattering - 
perturbative

parton showering  - 
perturbative and non-
perturbative

hadronization - non-
perturbative

jet - collimated stream of 
hadrons,
typically > 10 GeV

Anatomy of an LHC Collision

hard scattering

jet

q q

H

W/Z
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SM Higgs Interactions
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Fig. 41: The SM Higgs production cross section at
√
s = 7 TeV.
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Fig. 42: The SM Higgs production cross section at
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s = 14 TeV.
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SM Higgs production & decay (1) 
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Fig. 35: SM Higgs branching ratios as a function of the Higgs-boson mass.
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Fig. 36: SM Higgs total width as a function of the Higgs-boson mass.
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2 Gluon-Fusion process2

2.1 Higgs-boson production in gluon–gluon fusion
Gluon fusion through a heavy-quark loop [6] (see Fig. 1) is the main production mechanism of the
Standard Model Higgs boson at hadron colliders. When combined with the decay channels H → γγ ,
H → WW, and H → ZZ, this production mechanism is one of the most important for Higgs-boson
searches and studies over the entire mass range, 100 GeV <∼ MH

<∼ 1 TeV, to be investigated at the
LHC.

Ht,b

g

g

Fig. 1: Feynman diagram contributing to gg → H at lowest order.

The dynamics of the gluon-fusion mechanism is controlled by strong interactions. Detailed studies
of the effect of QCD radiative corrections are thus necessary to obtain accurate theoretical predictions.
In QCD perturbation theory, the leading order (LO) contribution [6] to the gluon-fusion cross section
is proportional to α2

s , where αs is the QCD coupling constant. The main contribution arises from the
top quark, due to its large Yukawa coupling to the Higgs boson. The QCD radiative corrections to this
process at next-to-leading order (NLO) have been known for some time, both in the large-mt limit [7,8]
and maintaining the full top- and bottom-quark mass dependence [9, 10]. They increase the LO cross
section by about 80−100% at the LHC. The exact calculation is very well approximated by the large-mt

limit. When the exact Born cross section with the full dependence on the mass of the top quark is used to
normalize the result, the difference between the exact and the approximated NLO cross sections is only
a few percent. The next-to-next-to-leading order (NNLO) corrections have been computed only in this
limit [11–17], leading to an additional increase of the cross section of about 25%. The NNLO calculation
has been consistently improved by resumming the soft-gluon contributions up to NNLL [18]. The result
leads to an additional increase of the cross section of about 7−9% (6−7%) at

√
s = 7 (14) TeV. The

NNLL result is nicely confirmed by the evaluation of the leading soft contributions at N3LO [19–23].
Recent years have seen further progress in the computation of radiative corrections and in the

assessment of their uncertainties. The accuracy of the large-mt approximation at NNLO has been stud-
ied in Refs. [24–29]. These papers have definitely shown that if the Higgs boson is relatively light
(MH

<∼ 300 GeV), the large-mt approximation works extremely well, to better than 1%. As discussed
below, these results allow us to formulate accurate theoretical predictions where the top and bottom loops
are treated exactly up to NLO, and the higher-order corrections to the top contribution are treated in the
large-mt approximation [30].

Considerable work has also been done in the evaluation of electroweak (EW) corrections. Two-
loop EW effects are now known [31–35]. They increase the cross section by a factor that strongly
depends on the Higgs-boson mass, changing from +5% for MH = 120 GeV to about −2% for MH =
300 GeV [35]. The main uncertainty in the EW analysis comes from the fact that it is not obvious how to
combine them with the large QCD corrections. In the partial factorization scheme of Ref. [35] the EW
correction applies only to the LO result. In the complete factorization scheme, the EW correction instead
multiplies the full QCD-corrected cross section. Since QCD corrections are sizeable, this choice has a
non-negligible effect on the actual impact of EW corrections in the computation. The computation of the
dominant mixed QCD–EW effects due to light quarks [30], performed using an effective-Lagrangian

2M. Grazzini, F. Petriello, J. Qian, F. Stoeckli (eds.); J. Baglio, R. Boughezal and D. de Florian.
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good channel for full mass range

the gluon fusion channel 

when paired with the decays: 

H ! ��

H ! WW

H ! ZZ

Sunday, January 20, 13

SM Higgs Decay at the LHC 
H ! bb̄high decay rate, but 

b tagging efficiency 
at 60%

WW ! l⌫l⌫

⌧ ! l⌫⌫
clean and 
efficient,

background under 
control

clean and 
efficient,

background under 
control

comparatively 
low rate, but very 
clean and efficient

H ! tt̄
kicks in at 350 

GeV
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ATLAS Collaboration / Physics Letters B 726 (2013) 88–119 99

Fig. 6. The measured production strengths for a Higgs boson of mass mH =
125.5 GeV, normalised to the SM expectations, for the individual diboson final
states and their combination. Results are also given for the main categories of each
analysis (described in Sections 4.2, 5.2 and 6.2). The best-fit values are shown by the
solid vertical lines, with the total ±1σ uncertainty indicated by the shaded band,
and the statistical uncertainty by the superimposed horizontal error bars. The num-
bers in the second column specify the contributions of the (symmetrised) statistical
uncertainty (top), the total (experimental and theoretical) systematic uncertainty
(middle), and the theory uncertainty (bottom) on the signal cross section (from QCD
scale, PDF, and branching ratios) alone; for the individual categories only the statis-
tical uncertainty is given.

µγ γ and µ4ℓ are treated as independent nuisance parameters. The
result is:

$mH = 2.3+0.6
−0.7(stat) ± 0.6(sys) GeV (3)

where the uncertainties are 68% confidence intervals computed
with the asymptotic approximation [116]. From the value of the
likelihood at $mH = 0, the probability for a single Higgs boson
to give a value of Λ($mH ) disfavouring the $mH = 0 hypothe-
sis more strongly than observed in the data is found to be at the
level of 1.2% (2.5σ ) using the asymptotic approximation, and 1.5%
(2.4σ ) using Monte Carlo ensemble tests. In order to test the effect
of a possible non-Gaussian behaviour of the three principal sources
contributing to the electron and photon energy scale systematic
uncertainty (the Z → ee calibration procedure, the knowledge of
the material upstream of the electromagnetic calorimeter and the
energy scale of the presampler detector) the consistency between
the two mass measurements is also evaluated by considering ±1σ
values for these uncertainties. With this treatment, the consistency
increases to up to 8%.

To measure the Higgs boson production strength, the parameter
µ is determined from a fit to the data using the profile likeli-
hood ratio Λ(µ) for a fixed mass hypothesis corresponding to the
measured value mH = 125.5 GeV. The results are shown in Fig. 6,

where the production strengths measured in the three channels
and in their main analysis categories are presented. The signal pro-
duction strength normalised to the SM expectation, obtained by
combining the three channels, is:

µ = 1.33 ± 0.14(stat) ± 0.15(sys) (4)

where the systematic uncertainty receives similar contributions
from the theoretical uncertainty on the signal cross section (ggF
QCD scale and PDF, see Table 1) and all other, mainly experimen-
tal, sources. The uncertainty on the mass measurement reported
in Eq. (2) produces a ±3% variation of µ. The consistency between
this measurement and the SM Higgs boson expectation (µ = 1) is
about 7%; the use of a flat likelihood for the ggF QCD scale system-
atic uncertainty in the quoted ±1σ interval yields a similar level
of consistency with the µ = 1 hypothesis. The overall compatibil-
ity between the signal strengths measured in the three final states
and the SM predictions is about 14%, with the largest deviation
(∼ 1.9σ ) observed in the H → γ γ channel. Good consistency be-
tween the measured and expected signal strengths is also found
for the various categories of the H → γ γ , H → ZZ∗ → 4ℓ and
H → WW∗ → ℓνℓν analyses, which are the primary experimen-
tal inputs to the fit discussed in this section. If the preliminary
H → ττ [117] and H → bb̄ [118] results, for which only part of
the 8 TeV dataset is used (13 fb−1), were included, the combined
signal strength would be µ = 1.23 ± 0.18.

7.3. Evidence for production via vector-boson fusion

The measurements of the signal strengths described in the pre-
vious section do not give direct information on the relative con-
tributions of the different production mechanisms. Furthermore,
fixing the ratios of the production cross sections for the vari-
ous processes to the values predicted by the Standard Model may
conceal tensions between the data and the theory. Therefore, in
addition to the signal strengths for different decay modes, the sig-
nal strengths of different production processes contributing to the
same decay mode4 are determined, exploiting the sensitivity of-
fered by the use of event categories in the analyses of the three
channels.

The data are fitted separating vector-boson-mediated processes,
VBF and VH, from gluon-mediated processes, ggF and ttH, involv-
ing fermion (mainly top-quark) loops or legs.5 Two signal strength
parameters, µ f

ggF+tt H = µ f
ggF = µ f

tt H and µ f
VBF+V H = µ f

VBF = µ f
V H ,

which scale the SM-predicted rates to those observed, are intro-
duced for each of the considered final states ( f = H → γ γ , H →
ZZ∗ → 4ℓ, H → WW∗ → ℓνℓν). The results are shown in Fig. 7.
The 95% CL contours of the measurements are consistent with the
SM expectation. A combination of all channels would provide a
higher-sensitivity test of the theory. This can be done in a model-
independent way (i.e. without assumptions on the Higgs boson
branching ratios) by measuring the ratios µVBF+V H/µggF+tt H for
the individual final states and their combination. The results of
the fit to the data with the likelihood Λ(µVBF+V H/µggF+tt H ) are
shown in Fig. 8. Good agreement with the SM expectation is ob-
served for the individual final states and their combination.

To test the sensitivity to VBF production alone, the data are also
fitted with the ratio µVBF/µggF+tt H . A value

µVBF/µggF+tt H = 1.4+0.4
−0.3 (stat)+0.6

−0.4(sys) (5)

4 Such an approach avoids model assumptions needed for a consistent parame-
terisation of production and decay modes in terms of Higgs boson couplings.

5 Such a separation is possible under the assumption that the kinematic proper-
ties of these production modes agree with the SM predictions within uncertainties.

LHC Higgs-like Boson Discovery

µ = 1µ = 0
background only 

hypothesis
SM Higgs boson
 hypothesis

consistent with SM Higgs 
hypothesis 

mH = 125.5± 0.2(stat)+0.5
�0.6(sys) GeV

combined mass measurement:
ATLAS:

CMS:

mH = 125.3± 0.4(stat)± 0.5(sys)GeV

ATLAS:

CMS:

µ̂ =
�

�SM
= 0.87± 0.23

combined signal strength measurement:

for 
MH = 125 GeV

µ = 1.33± 0.14(stat)± 0.15(sys)
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SM Higgs Production at the LHC 

t

H
t

t
bottom loop suppressed

by ~ 0.1% - lighter
quark loops even less

likely

“gluon-gluon fusion” ggf

the gluon fusion channel - main LHC production mechanism

why?! more likely to find a gluon in the proton

�(gg ! H) ⇡ 15 pb at 7 TeV

�(gg ! H) ⇡ 50 pb at 14 TeV

for MH = 125 GeV
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SM Higgs Production at the LHC 

�(qqH) ⇡ 1.3 pb at 7 TeV

�(qqH) ⇡ 4 pb at 14 TeV

for MH = 125 GeV
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SM Higgs production & decay (3) 
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(a) (b) (c)

Fig. 7: (a), (b) LO diagrams for the partonic processes pp → VH (V = W,Z); (c) diagram contributing to the
gg → HZ channel.

√
s = 7 TeV ATLAS expects to exclude a Higgs boson at 95% CL with a cross section equivalent to

about 6 times the SM one [101], while with 5 fb−1 of data and
√
s = 8 TeV CMS expects to exclude

a Higgs boson at 95% CL with a cross section equivalent to about 2 times the SM one [102]. These
results are very preliminary and partially rely on analyses which have not been re-optimized for the
lower center-of-mass energy.

One of the main challenges of these searches is to control the backgrounds down to a precision of
about 10% or better in the very specific kinematic region where the signal is expected. Precise differential
predictions for these backgrounds as provided by theoretical perturbative calculations and parton-shower
Monte Carlo generators are therefore crucial. Further studies (e.g. in Ref. [103]) suggest that with data
corresponding to an integrated luminosity of the order of 30 fb−1 the tt̄ background might be extracted
from data in a signal-free control region, while this seems to be significantly harder for theWbb̄ or Zbb̄
irreducible backgrounds, even in the presence of such a large amount of data.

For all search channels previously mentioned, a precise prediction of the signal cross section and
of the kinematic properties of the produced final-state particles is of utmost importance, together with
a possibly accurate estimation of the connected systematic uncertainties. The scope of this section is to
present the state-of-the-art inclusive cross sections for theWH and ZH Higgs-boson production modes
at different LHC center-of-mass energies and for different possible values of the Higgs-boson mass and
their connected uncertainties.

4.2 Theoretical framework
The inclusive partonic cross section for associated production of a Higgs boson (H) and a weak gauge
boson (V ) can be written as

σ̂(ŝ) =

∫ ŝ

0
dk2 σ(V ∗(k))

dΓ

dk2
(V ∗(k) → HV ) +∆σ , (2)

where
√
ŝ is the partonic center-of-mass energy. The first term on the r.h.s. arises from terms where a

virtual gauge boson V ∗ with momentum k is produced in a Drell–Yan-like process, which then radiates
a Higgs boson. The factor σ(V ∗) is the total cross section for producing the intermediate vector boson
and is fully analogous to the Drell–Yan expression. The second term on the r.h.s., ∆σ, comprises all
remaining contributions. The hadronic cross section is obtained from the partonic expression of Eq. (2)
by convoluting it with the parton densities in the usual way.

The LO prediction for pp → V H (V = W,Z) is based on the Feynman diagrams shown in
Fig. 7 (a),(b) and leads to a LO cross section of O(G2

F ). Through NLO, the QCD corrections are fully
given by the NLO QCD corrections to the Drell–Yan cross section σ̂(V ∗) [104–106]. For V = W, this

29

the Higgs-strahlung channel 

for MH = 125GeV

�(WH,ZH) ⇡ 0.6 pb at 7 TeV

�(WH,ZH) ⇡ 1.5 pb at 14 TeV

lots of backgrounds and
lower production rates 
make these channels

more challenging then 
ggH or VBF....but still 

interesting for certain Higgs 
decays...

Sunday, January 20, 13

SM Higgs Production at the LHC 

the Higgs-strahlung channel 
�(W,ZH) ⇡ 0.6 pb at 7 TeV

�(W,ZH) ⇡ 1.5 pb at 14 TeV

for MH = 125 GeV

SM Higgs production (4) 

5 ttH process8

5.1 Higgs-boson production in association with tt pairs
Higgs radiation off top quarks qq/gg → Htt (see Fig. 12) plays a role for light Higgs masses below
∼ 150 GeV at the LHC. The measurement of the ttH production rate can provide relevant information
on the top–Higgs Yukawa coupling. The leading-order (LO) cross section was computed a long time
ago [113–117]. These LO results are plagued by large theoretical uncertainties due to the strong de-
pendence on the renormalization scale of the strong coupling constant and on the factorization scales of
the parton density functions inside the proton, respectively. For the LO cross section there are several
public codes available, as e.g. HQQ [64, 118], MADGRAPH/MADEVENT [119, 120], MCFM [112], or
PYTHIA [121]. The dominant background processes for this signal process are ttbb, ttjj, ttγγ , ttZ,
and ttW+W− production depending on the final-state Higgs-boson decay.

q

q

H

t

t

H

g

g

t

t

Fig. 12: Examples of LO Feynman diagrams for the partonic processes qq, gg → ttH.

The full next-to-leading-order (NLO) QCD corrections to ttH production have been calculated
[122–125] resulting in a moderate increase of the total cross section at the LHC by at most ∼ 20%,
depending on the value ofMH and on the PDF set used. Indeed, when using CTEQ6.6 the NLO correc-
tions are always positive and the K-factor varies between 1.14 and 1.22 for MH = 90, . . . , 300 GeV,
while when using MSTW2008 the impact of NLO corrections is much less uniform: NLO corrections
can either increase or decrease the LO cross section by a few percents and result in K-factors between
1.05 and 0.98 forMH = 90, . . . , 300 GeV.

The residual scale dependence has decreased from O(50%) to a level of O(10%) at NLO, if
the renormalization and factorization scales are varied by a factor 2 up- and downwards around the
central scale choice, thus signalling a significant improvement of the theoretical prediction at NLO.
The full NLO results confirm former estimates based on an effective-Higgs approximation [126] which
approximates Higgs radiation as a fragmentation process in the high-energy limit. The NLO effects on
the relevant parts of final-state particle distribution shapes are of moderate size, i.e. O(10%), so that
former experimental analyses are not expected to change much due to these results. There is no public
NLO code for the signal process available yet.

5.2 Background processes
Recently the NLO QCD corrections to the ttbb production background have been calculated [127–131].
By choosing µ2

R = µ2
F = mt

√
pTbpTb as the central renormalization and factorization scales the NLO

corrections increase the background cross section within the signal region by about 20–30%. The scale
dependence is significantly reduced to a level significantly below 30%. The new predictions for the NLO
QCD cross sections with the new scale choice µ2

R = µ2
F = mt

√
pTbpTb are larger than the old LO

predictions with the old scale choice µR = µF = mt +mbb/2 by more than 100% within the typical

8C. Collins-Tooth, C. Neu, L. Reina, M. Spira (eds.); S. Dawson, S. Dean, S. Dittmaier, M. Krämer, C.T. Potter and
D. Wackeroth.
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the ttH channel - Higgs in association with a top quark pair

Yukawa interaction information

�(tt̄H) ⇡ 88 fb at 7 TeV

�(tt̄H) ⇡ 611 fb at 14 TeV
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the ttH channel - Higgs in association with a top quark

�(tt̄H) ⇡ 88 fb at 7 TeV

�(tt̄H) ⇡ 611 fb at 14 TeV

for MH = 125 GeV
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The Fox-Wolfram Moments1

a rotationally invariant set of observables
constructed from Legendre polynomials
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X

i,j

|~pi||~pj |
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hadrons, jets,
calorimeter 

entries...

total angle between 
objects

1Fox, Wolfram, PRL 1978

cos⌦ij = cos ✓i cos ✓j + sin ✓i sin ✓j cos(�i � �j)

weight factor
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Field, Kanev, Tayebnejad PRD 55, 9 (1997)

✦ Top Quark signal at Tevatron

✦ B meson decays at Belle:
Toru Iijima, hep-ex 0105005 (2001)

Fox, Wolfram  Nucl. Phys. B 149 (1979) 413-496
✦ e+ e- to jets

an event shape observable describing correlations 
between four-momentum objects

✦ ``Fox-Wolfram Moments in Higgs Physics´´

C.B., Buschmann, Butter, Plehn PRD 87, 073014 (2013)

The Fox-Wolfram Moments

✦ ``Improving Higgs plus Jets analyses through Fox-
Wolfram Moments´´
C.B., Mellado, Plehn, Ruan, Schichtel, PRD 89, 053006 (2014)
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 Legendre Polynomials
occur as series solution to Laplace’s equation in spherical 

coordinates
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The Fox-Wolfram Moments

H` =

X

i,j

|~pi||~pj |
s

P`(cos⌦ij)

“weight factor”

WT
ij =

pTipTj

p2T,tot

transverse 
momentum

weight

WU
ij = 1

unit
weight

W p
ij =

|~pi||~pj |
|~p|2
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magnitude 
momentum

weight

0  H`  1
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 Fox-Wolfram Moments - 2 jet properties

H` =

2X

i,j=1

WiWj

W 2

tot

P`(cos⌦ij)

=

1

(W1 +W2)
2

⇥
W 2

1P`(cos 0) +W 2
2P`(cos 0)

+W1W2P`(cos⌦12)
⇤

=

1 + 2rP`(cos⌦12)

1 + 2r + r2

r =
W2

W1

0  r  1

= 1 +

2W1W2

(W1 +W2)
2
P`(cos⌦12)
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 Fox-Wolfram moments - 2 jet properties
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multivalued function, no 
resolution to intermediate 
values of  

odd moments - best for discriminating back-to-back jets,
higher moments resolve larger angular j1 j2 separation

H` ! 0 for ⌦12 ! ⇡

⌦12

r =
W2

W1
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 Fox-Wolfram moments - 2 jet properties
even moments - symmetry of even function 
reduces discriminatory power 
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low, even moments may 
discern non forward-

backward jets
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signal WBF 

( process + hard jet) x PS with CKKW using SHERPA

Analysis for H --> tau tau

background 
QCD ZJJ 

background 
Top Pair 

Fastjet anti-
kT algorithm 
with R = 0.4,

8TeV

W/Z

W/Z

H HW/Z

W/Z

Z

g

t

t

b

b

W

W
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Cutflow Analysis

pTj1,j2 > 20 GeV 29.4      13.2 

1.49      13.0 

2.73      12.6 

68.9      3.92

NA      3.92

             18.7 

1.41      3.86 

13.9      3.32 

        115000              17200 

93.2      7820 

0.97      7740 

3.84      7440 

96.6      253 

NA       253 

9.17        230 

31.8        157 

9.63       15500 

0.182     15500 

2.32      15100 

95.8        634 

54.0        292 

13.8        252 

66.1        85.4 

             
1/1767

             
1/1788

             
1/1789

             
1/226

                       
1/139

                       
1/125

acceptance
WBF + 1 jet QCD ZJJ Top Pair S / B

% fail   XS (fb) % fail   XS (fb) % fail   XS (fb) 
             

1/7070

                       
1/73

|yj1,j2 | < 5.0

�Rj1j2 > 0.7

mj1j2 > 600 GeV

b� veto

y1 · y2 < 0

|yj1 � yj2 | > 4.4

can cuts on FWM replace or be added to
current cuts used for VBF event selection?
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Cuts on FWM Distributions

0 0.2 0.4 0.6 0.8 10

0.005

0.01

0.015

0.02

T
3H

T
3dH

dN N
1

WBF + 1 jet
QCD ZJJ

Top Pair + 1 jet

reject

⌦12 & 0.8⇡ , r & 0.4

⌦12 ⇠ 0.6⇡ , r & 0.4

Thursday 18 September 14



WBF + 1 jet
QCD ZJJ

Top Pair + 1 jet

0 0.2 0.4 0.6 0.8 10

0.02

0.04

0.06

T
4H

T
4dH

dN N
1

reject

OR

Cuts on FWM Distributions
⌦12 ⇠ 0,⇡ any r
r  0.3 any ⌦12
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0.01
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T
8H

T
8dH

dN N
1

reject

WBF + 1 jet
QCD ZJJ

Top Pair + 1 jetOR

Cuts on FWM Distributions
⌦12 ⇠ 0,⇡ any r
r  0.3 any ⌦12
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acceptance
WBF + 1 jet QCD ZJJ Top Pair S / B

% fail   XS (fb) % fail   XS (fb) % fail   XS (fb) 

min cuts + b-veto 3.92 253 292 1/139

38.4 2.41 44.4 141 64.6 103 1/101

35.8      2.52 48.1        131 73.3       78.0 1/83

50.1      1.96 60.5        100 81.6       53.7 1/78

64.5      1.39 73.0       68.3 88.0       35.0 1/74

rapidity gap 13.9      3.32 31.8        157 66.1        85.4 1/73

Cuts on FWM Distributions1

HT
3 < 0.3

HT
4 > 0.8

HT
8 > 0.8

HT
12 > 0.7

1C.B. et.al, PRD 87, 073014 (2013)
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Analysis - Cutting on FWM 
after typical WBF cuts are exhausted, can the moments help? 

NA      3.92

             18.7         115000              17200 

NA       253 54.0        292 
                       

1/139

acceptance
WBF + 1 jet QCD ZJJ Top Pair S / B

% fail   XS (fb) % fail   XS (fb) % fail   XS (fb) 
             

1/7070

minimal cuts 
+ b veto

13.9      3.32 31.8        157 66.1        85.4 
                       

1/73central jet cuts

HT
12 > 0.7

                       
1/57

top pair background can be further supressed based on tagging 
jet correlations rephrased ito FWM
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Classification Rule
A “classifier” is a rule for determining 
which class an instance of a set belongs 
to

sig/bkg event data or MC sample

yj1 yj2 �y12 m12

event 1

event 2

event n

.

.

.

class

S 

B

.

.

.

S

2.79854 -1.33015 4.12869 264.056 GeV

-1.10029 1.83929 2.93958 209.104 GeV

1.5059 -1.09764 2.60354 156.285 GeV

.

.

.

.

.

.

.

.

.

.

.

.
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y(~x) 2 R map all information of an event onto a real 
number - the “scalar output” of the classifier
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efficiency: 
keep events

ycut y(~x)

keep as signaldiscard as bkg S1(true positive)

B1(false positive)

signalbkg

dN

dy(~x)

"s =
S
1

S
tot

"b =
B

1

B
tot

rejection: 
discard events

rb = 1� "b

rs = 1� "s

0 1

"s

rb
1

1

("s, rb) = (1, 0)

("s, rb) = (0, 1)

if ycut = 1

each point on curve 
corresponds to a cut 
on classifier response

Classification Response and ROC Curves

if ycut = 0
ROC curve

 (Receiver Operating 
Characteristic)
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 Boosted Decision Trees

BS BS

m12 < 378

m12 < 475

m12 < 1710

�y12 > 4.7

�y12 < 4.57

BS

�y12 < 4.67

BS

�y12 > 3.71

each tree is a 
classification rule

boosting: 
combine trees 
into single rule

hi(~x) = +1 (sig), � 1 (bkg)

Adaptive Boost Algorithm:

↵i =
1� erri
erri

erri = misclassification rate

events misclassified are reweighted, another 
tree is built, misclassification rate is updated,

event is reweighted, etc...

y(~x) =
1

N

boost

N
boostX

i

ln(↵i)hi(~x)
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Signal:

( process + hard jet) x PS with CKKW using SHERPA

Analysis for H --> diphoton

Backgrounds:

W/Z

W/Z

H HW/Z

W/Z

�

�

‘continuum’ di-photon

t

H
t

t

“gluon fusion” ggf

“weak boson fusion” wbf

Thursday 18 September 14



BDT Analysis with only 
Tagging Jet Correlations

compare FWM 
with tagging jet 
correlations
used by ATLAS 

{mj1j2 , yj1 , yj2 , �yj1j2}

use FWM after 
applying 
acceptance 
criteria for jets:

pTj > 25 GeV for |yj | < 2.4

pTj > 30 GeV for 2.4  |yj | < 4.5

|�yj1j2 | � 2 and mj1j2 > 150 GeV

1Hoecker et.al. , Toolkit for Multivariate Analysis , http://tmva.sourceforge.net

Decision Tree 
Settings1: 

Ntrain, Ntest = 100K, 50K
Ntrees, Nlayers = 400, 3
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Results of BDT Analysis Including FWM

m12
200 400 600 800 100012001400160018002000

46
.9

 
 /  

(1
/N

) d
N

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008 Signal
Background

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.1
, 0

.0
)%

Input variable: m12

dy12
2 3 4 5 6 7 8

0.
16

1 
 /  

(1
/N

) d
N

0

0.1

0.2

0.3

0.4

0.5

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

Input variable: dy12

yj1
-4 -3 -2 -1 0 1 2 3 4

0.
23

 
 /  

(1
/N

) d
N

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18
0.2

0.22

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

Input variable: yj1

yj2
-4 -3 -2 -1 0 1 2 3 4

0.
23

 
 /  

(1
/N

) d
N

0

0.05

0.1

0.15

0.2

0.25

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

Input variable: yj2

default ATLAS
training variables

Signal efficiency
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

B
ac

kg
ro

un
d 

re
je

ct
io

n

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

MVA Method:
BDTG

Background rejection versus Signal efficiency

88% bkg rejection
at 40% sig efficiency

BDTA response
-0.6 -0.4 -0.2 0 0.2 0.4

dx / 
(1

/N
) d

N

0

0.5

1

1.5

2

2.5

3

3.5 Signal (test sample)
Background (test sample)

Signal (training sample)
Background (training sample)

Kolmogorov-Smirnov test: signal (background) probability =     1 (0.433)

U/
O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

TMVA overtraining check for classifier: BDTA

Thursday 18 September 14



Results of BDT Analysis Including FWM
improvement with 
redefinition of FWM: Hx,�

`

=

P
N

i,j=1 W x

ij

P
`

(cos��
ij

)

redefinition of FWM offer modest improvement over ATLAS default variables
CB, Mellado, Plehn, Ruan, Schichtel, PRD 89, 05306 (2014)

Text

6

BDT MLP

✏S = 0.4 1� ✏B
Sp

S +B

S

B
1� ✏B

Sp
S +B

S

B

ATLAS default Eq.(9) 0.887 1.50 0.76 0.888 1.50 0.78

HT,�
1 ! HT,�

4 , HU,�
1 ! HU,�

4 0.952 1.65 1.54 0.953 1.65 1.55

HT,�
1 , HT,�

3 , HU,�
1 , HU,�

3 0.952 1.66 1.56 0.952 1.65 1.54

HT,�
1 , HT,�

2 , HU,�
2 , HU,�

2 0.953 1.65 1.47 0.953 1.65 1.55

HT,�
1 , HU,�

1 0.953 1.65 1.43 0.952 1.65 1.46

HT,�
1 0.950 1.63 1.45 0.950 1.63 1.44

HU,�
1 0.952 1.65 1.40 0.952 1.65 1.44

cos��12, W
T
12 0.952 1.65 1.53 0.952 1.65 1.50

cos��12 0.952 1.65 1.42 0.952 1.65 1.44

Table I: BDT and MLP results including azimuthal–angle Fox–Wolfram moments based on the two tagging jets only
after Eq.(8). The background rejection is given for 40% signal e�ciency. The value for S/

p
S +B we compute for an

integrated luminosity of 30 fb�1. All sets of variables subsequent to the first row contain the default variables as well.

we find that the six best individual moments are (in order) HU,�

1 , HT,�

1 , HU,�

3 , HT,�

3 , HU,�

2 , and HT,�

2 .⇤ The
moments with unit weight are slightly more powerful than the transverse–momentum weight. The most striking
feature is that for the tagging jet the higher moments play hardly any role in improving the analysis.

As a matter of fact, the single moment HU,�

1 is, within uncertainties due to the training procedure, almost as
powerful as the set of the first 20 moments, both with unit and transverse–momentum weight. Given that the
corresponding Legendre polynomial is P1(cos��

ij

) = cos��
ij

we can further simplify the analysis by separating
the transverse–momentum weight from the azimuthal angle. Compared to the ATLAS default variables, adding
the azimuthal angle between the tagging jets, ��

ij

, almost doubles the signal–to–background ratio. Systemat-
ically including the Fox–Wolfram moments increases the signal–to–background ratio additionally by 8%. This
result persists between the two multivariate methods and we conclude that our improvement is truly due to the
nature of the moments and not to some advantageous choice of methods and/or parameters for our multivariate
analyses.

Following the tagging jet analysis in this section we extend the default set of tagging jet cuts Eq.(9) for the
remainder of this paper to include

{m
j1j2 , yj1 , yj2 , �y

j1j2 , ��
j1j2} (WBF default). (11)

It could be argued that adding the azimuthal angle to the list of kinematic variables employed in the background
rejection will make the analysis result less applicable to modified Higgs–like signal hypotheses. Indeed, the az-
imuthal angle between the tagging jets is the key observable in the spin-0 CP analysis of the Higgs resonance [21].
On the other hand, the same is true for the rapidity di↵erence �y12 when it comes to spin-2 alternatives [21].

IV. REPLACING A JET VETO

The key physics question we will answer in this Section is to what degree we can use information on additional
(central) jet radiation to enhance the tagging jet analysis described in the previous Section III. Because a detailed
analysis of the jet activity has not been performed in the recent LHC runs, we assume a collider energy of 13 TeV
in this section. The physics of the additional jets can be easily described: for the signal events the emission of
additional central jets is suppressed by the color structure of the process. This means that the number of jets in
weak boson fusion will in general follow the staircase pattern predicted for inclusive processes at the LHC [13].
In contrast, gluon–fusion Higgs production or di-photon production will show this staircase pattern only in the
absence of tagging jet cuts. Once we require two hard jets with a large invariant mass we induce large logarithms,

⇤
Given that Tmva gives an ordered list of the most relevant observables, it is not clear to one of the authors (TP) why this very

interesting information is never shown in experimental publications.
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Results of BDT Analysis Including FWM

• Both MVA analyses with first four moments with each weight reduces 
remaining fraction of background events by a factor of two 

• These eight moments dominate the distinctive power of the analysis

• Individually, the best moments are (in order, based on TMVA ranking) :

HU,�
1 , HT,�

1 , HU,�
3 , HT,�

3 , HU,�
2 , HT,�

2

• Following this analysis, we suggest to extend the default set of 
variables to include:

mj1j2 , yj1 , yj2 , �yj1j2 , ��j1j2
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Summary

• Fox - Wolfram moments constructed from tagging jets offer a                      
   significant improvement over current ATLAS analyses

HT
` =

P2
i,j=1

pTjipTjj

pT tot

P`(cos��ij)

HU
` =

P2
i,j=1

1
N

tot

P`(cos��ij)

HU,�
1 , HT,�

1 , HU,�
3 , HT,�

3 , HU,�
2 , HT,�

2
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Using FWM to Replace Jet Veto

• Going beyond two tagging jets, can we use FWM to replace a central                 
   jet veto? We answer by attempting the following analysis:

pTj > 20 GeV, |yj | < 4.5

mj1j2 > 150 GeV, �yj1j2 > 2

( i ) generic acceptance cuts

( ii ) make two different subsets of tagging jets

  => two jets with highest pT

       => two jets with most forward & backward rapidity y
( iii ) further enhance forward-backward geometry - veto level cuts

|�yj1j2 | > 4.4 yj1 · yj2 < 0 mj1j2 > 600 GeV

central jet veto = ignore events with rapidity between tagging jets
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Using FWM to Replace Jet Veto

selection is standard in WBF analyses - but rapidity 
selection is even better 

pT

8

�y-selection pT -selection

✏S 1� ✏B
Sp

S +B

S

B
✏S 1� ✏B

Sp
S +B

S

B

acceptance cuts Eqs.(12) and (13) 1 0 0.76 0.005 1 0 0.81 0.007

veto–level cuts Eq.(14) 0.402 0.854 0.80 0.014 0.405 0.996 1.01 0.026

jet veto 0.302 0.967 1.24 0.047 0.369 0.945 1.26 0.045

BDT: WBF default with Eq.(13)
0.400 0.862 0.79 0.014 0.400 0.904 1.04 0.027

0.634 0.674 0.84 0.010 0.414 0.897 1.04 0.027

BDT: WBF default plus FWM with Eq.(13)
0.400 0.952 1.34 0.041 0.400 0.944 1.35 0.047

0.232 0.986 1.42 0.083 0.302 0.972 1.43 0.071

Table III: S/B and S/
p
S +B compared to classical cut and jet veto strategy for the �y and pT -selections of the tagging

jets. The value for S/
p
S +B we compute for an integrated luminosity of 30 fb�1. The BDT analysis includes a set of

Fox–Wolfram moments with unit weight, Eq.(15). We quote two working points at 40% signal e�ciency and optimized
for S/

p
S +B.

However, this is only true after the jet veto. After only the hard cuts of Eq.(14) the p
T

-selection is significantly
more promising. As alluded to above, the jet veto benefits from the stronger Poisson enhancement from the
�y-selection, leaving the final results essentially identical.

In the next step, we use the default WBF observables of Eq.(11) and optimize them in a multivariate BDT
analysis as described in Section IIC. The corresponding ROC curve we show in Figure 1. As in Table III the
e�ciencies are defined with respect to the full set of acceptance cuts from Eqs.(12) and (13). In the table we
quote two points from this curve. First, we show the usual working point with a signal e�ciency of 40%. Second,
we show the working point with the best result for S/

p
S +B. Optimizing for the best result of S/B does not

give a well defined solution. As expected, the ROC curve indicates working points for the entire range of signal
e�ciencies ✏

S

= 0...1.

The question we attempt to answer in this section is if we can use the available information on the additional
jet activity in reducing the two backgrounds more e�ciently than with a central jet veto. The baseline for
this comparison is the corresponding row in Table III. As described in Section IIA we rely on a large set of
Fox–Wolfram moments forming a basis for the angular correlations given a weight W x

ij

. Unlike for the tagging
jet kinematics we now do not constrain our system to the transverse plane, which means we use the original
definition of the moments in Eq.(2) with the opening angle ⌦

ij

. On the other hand, we already know what the
benefit of including the moments of the tagging jets are: according to Section III most of the information is
included once we add the azimuthal angle between the tagging jets, ��

j1j2 , to the standard set of observables
given in Eq.(11). Therefore, we limit the analysis of the additional jet activity to all jet–jet correlations with

the exception of the two tagging jets. Moreover, we can expect the unit weight to give the best sensitivity to
the relatively soft additional jet activity, so we use

HU

`

=
1

N2

X

(i,j) 6=(1,2)

P
`

(cos⌦
ij

) . (15)

For both of the tagging jet selections we only include jets which fall between the two tagging jets, in complete
analogy of a central jet veto. For exactly two tagging jets and no additional jet radiation this implies HU

`

= 0
for all values of `.

In Table III we show the result of a combined BDT analysis of the observable of Eq.(11) and the set of Fox–
Wolfram moments. Again, we quote two operating points, one of them for a fixed signal e�ciency of 40% and
one optimized for the best value of S/

p
S +B. In addition, we show results for both, the �y-selection and the

p
T

-selection of the tagging jets. A generic problem for any BDT analysis is that for limited statistics of the
training sample it can only include a limited number of observables. On the other hand, the BDT first determines
the most powerful observables, so we only include the five best Fox–Wolfram moments in our analysis. We have
checked that adding more moments will not improve the result beyond numerical accuracy. For the �y-selection
the five leading moments with unit weight are HU

2 , HU

4 , HU

18, H
U

19, and HU

17. For the p
T

-selection the most
powerful moments are HU

2 , HU

19, H
U

17, H
U

20, and HU

15. However, for the p
T

-selection the most powerful variable
in the BDT is �y

j1j2 . For the �y-selection this observable is maximized by construction.

The ROC curves in Figure 1 shows a clear improvement of the complete multivariate analysis including the
Fox–Wolfram moments as compared to the kinematic variables of Eq.(11) only. For a fixed moderate signal
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